1 Double-stranded RNA (dsRNA) is a potent proinflammatory signature of viral infection. 2
(DHX58) [4] , which activate the mitochondrial antiviral signaling protein (MAVS) [5] [6] [7] [8] . RIG-23 I recognizes dsRNA blunt ends with unmethylated 5'-di-or triphosphate caps [9] [10] [11] [12] . MDA5 24 recognizes uninterrupted RNA duplexes longer than a few hundred base pairs [11, 13] .
LGP2 25 functions as a cofactor for MDA5 by promoting the nucleation of MDA5 signaling complexes 26 near dsRNA blunt ends [14, 15] . Binding to dsRNA causes RIG-I to form tetramers and MDA5 27 to cooperatively assemble into helical filaments around the dsRNA [16] [17] [18] [19] . RIG-I and MDA5 28 each contain two N-terminal caspase recruitment domains (CARDs). The increased proximity 29 of the CARDs upon RLR oligomerization induces the CARDs from four to eight adjacent RLR 30 molecules to form a helical lock-washer-like assembly [19, 20] . These helical RLR CARD 31 oligomers bind to MAVS, which has a single N-terminal CARD, via CARD- CARD 32 interactions [5] . Binding of MAVS CARDs to RLR CARD oligomers nucleates the 33 dependent on its transmembrane anchor (TM) and mitochondrial localization, but independent 11 of the CARD [24, 25] . A loss-of-function MAVS variant is associated with a subset of systemic 12 lupus patients [26] . 13 In the current model of MAVS signaling, RLR CARD oligomers trigger a change of state in 14 the CARD of MAVS, from monomer to polymeric helical fibril. MAVS fibrils grow like 15 amyloid fibrils by drawing in any proximal monomeric MAVS CARDs [20] . This model is 16
based partly on the observation that purified monomeric MAVS CARD spontaneously 17 assembles into fibrils of 0.2 -1 µm in length [19, 21] . The fibrils, but not the monomers, 18 activate IRF3 in signaling assays [21] with cell-free cytosolic extracts. Moreover, a purified 19 MAVS fragment lacking the TM can, in its polymeric fibril form, activate IRF3 in crude 20 mitochondrial cell extracts that contain endogenous wild-type MAVS (17) . However, this 21 signaling model is based primarily on signaling assays and structural studies performed in a 22 cell-free environment with soluble fragments of MAVS lacking the TM. MAVS has been 23 reported to form rod-shaped puncta on the outer mitochondria membrane upon activation with 24
Sendai virus [27] , but evidence that MAVS forms polymeric fibrils in cells remains 25 inconclusive, and furthermore MAVS fibrils are not sufficient for signaling. Indeed, the MAVS 26 TM is required for interferon induction and cell death activation [5, 21, 25] , and several viruses 27 including hepatitis C virus suppress type I interferon production by cleaving it off [8, [28] [29] [30] [31] . 28
The sequence between the CARD and TM of MAVS, which represents 80% of the MAVS 29 sequence, is also required for downstream signaling [32] . How this sequence and the TM 30 function together with the CARD in cell signaling remains unclear. 31
In the cellular context, MAVS CARD fibrils are subject to multiple physical constraints, 32
including tethering to RLR-dsRNA complexes (at one end of the fibril) and to the 33 Results 10 MAVS activation by cytosolic RNA induces mitochondrial membrane remodeling. The 11 polymerization of purified soluble fragments of MAVS into helical fibrils is well documented 12 [19, 21] . In the cellular context, however, MAVS is tethered to the outer mitochondrial 13 membrane via its transmembrane anchor, and binds via its CARD to oligomeric or polymeric 14 RLR-dsRNA complexes [19, 21, 33] . To examine how the physical constraints imposed by 15 membrane tethering and association with RIG-I or MDA5 may affect MAVS CARD fibril 16 formation, we imaged cells containing active MAVS signaling complexes by super-resolution 17 fluorescence microscopy. Mouse embryonic fibroblasts (MEFs) and 3T3 cells were imaged by 18 structured illumination microscopy (SIM) and stimulated emission depletion microscopy 19 (STED). Because fluorescent proteins fused to the N-terminus, C-terminus or juxtamembrane 20 region of MAVS were not suitable for STORM, cells were labeled with a monoclonal antibody 21 against a linear epitope within residues 1-300 of MAVS and a fluorescently-labeled secondary 22
antibody. An antibody with an overlapping epitope was shown previously to recognize MAVS 23 in the fibril form in non-reducing semi-denaturing electrophoresis [21] . Immunofluorescence 24 of MAVS and TOM20, an outer mitochondrial membrane marker, showed that the two proteins 25 localized to the same mitochondrial compartments ( Fig. 1 ). We observed changes in the 26 distribution of MAVS and in overall mitochondrial morphology (using the TOM20 marker) 27 upon infection of 3T3 cells with a West Nile virus (WNV) replicon ( Fig. 1A) . Infection with 28 the WNV replicon caused mitochondrial compartments to form more fragmented and less 29 filamentous structures closer to the nucleus. Introducing the dsRNA mimic poly(I:C) into 30
MEFs by electroporation (0.6 -1 picogram per cell) recapitulated the changes in MAVS 31 distribution and mitochondrial morphology observed upon infection with the WNV replicon 32 ( Fig. 1B) . These changes were also recapitulated by cotransfecting MEFs derived from MAVS 33 knockout mice (MAVS KO MEFs) [34] with poly(I:C) RNA and a plasmid encoding MAVS 1 (0.6 -1 pg of each per cell, Figs. 1C). Mitochondrial remodeling associated with poly(I:C) 2 treatment was quantified as statistically significant reductions in: (1) the distance from the 3 nucleus (from an average of 9.0 µm to 4.5 µm, p = 2.0 x 10 -4 ) ( Fig. 1E); (2) the fraction of the 4 cytosolic area occupied by mitochondria (from an average of 24.2% to 16.7%, p = 0.0015) 5 ( Fig. 1F) ; and (3) the length of mitochondrial compartments measured as unbranched segments 6 of skeletonized TOM20 fluorescence (from an average of 2.42 µm to 1.98 µm, p = 0.0478) 7 ( Fig. 1G ). The amount of MAVS plasmid and the electroporation method used in transfections 8 were selected to yield MAVS expression levels that were in the physiological range (see 9 below). Notably, no MAVS filaments longer than the resolution limit were observed. The 10 resolution of SIM and STED was approximately 110 nm and 80 nm in the imaging (xy) plane, 11 respectively (and 350 and 600 nm in z, respectively). These resolutions were also sufficient to 12 resolve differences in the positions of individual MAVS and TOM20 protein complexes so that 13 the immunofluorescence signals from the two proteins formed an alternating pattern within 14 mitochondrial compartments rather than strictly colocalizing (Figs. 1A, 1C, 2A). We confirmed 15 that transfection with poly(I:C) RNA induced translocation of IRF3 to the nucleus, which is a 16 hallmark of interferon-β (IFN-β) signaling ( Fig. 2B ). Importantly, we showed that the level of 17 MAVS expression in transfected MAVS KO MEFs was comparable to the physiological level 18 of endogenous MAVS expression in wild-type MEFs (Fig. 3) . A live-cell dual-luciferase 19
reporter assay was used to confirm that IFN-β signaling is activated in MAVS KO MEFs 20 transfected with the MAVS expression plasmid and poly(I:C) RNA (see below). Costaining 21 for MAVS and MDA5 ( Fig. 2C ) showed an increased interaction between the two proteins, 22 defined as the average distance between MAVS and MDA5 fluorescence ( Fig. 2D ) [35] . 23 However, MDA5 staining remained predominantly cytosolic and no significant increase 24 colocalization was detected with poly(I:C) treatment based on the Pearson correlation. 25
Similarly, RIG-I was recently shown to partition into a MAVS-associated mitochondrial 26 fraction and a cytosolic stress granule fraction [36] . In the absence of MAVS, mitochondria 27 retained their filamentous morphology and failed to move towards the nucleus upon 28 transfection with poly(I:C) (Figs. 1D). We note that the immunofluorescence and cell signaling 29 data show relatively high levels of mitochondrial remodeling ( Fig. 1 ), IRF3 nuclear 30 translocation ( Fig. 2B ) and background signaling (see below) in cells transfected with a control 31 plasmid instead of poly(I:C), which is likely attributable to IFN-b signal transduction by 32 cytosolic DNA sensors. We conclude that activation of MAVS by cytosolic RNA sensing is 33 associated with remodeling of mitochondria into more globular and perinuclear compartments. MAVS CARD spontaneously forms fibrils 0.2 -1 µm in length [19, 21] . The fibrils, but not 2 the monomers, activate IRF3 in cell-free assays [21] . However, SIM and STED imaging of 3 cells with actively signaling MAVS did not resolve any clearly apparent fibrils ( Fig. 1 ). To 4 determine whether MAVS forms fibrils too small to resolve by SIM or STED, we employed a 5 higher-resolution imaging modality, stochastic optical reconstruction microscopy (STORM), 6 to image cells containing active MAVS signaling complexes. STORM can yield effective 7 resolutions of 20 nm in the imaging plane [38] . MEFs were immunolabeled with an antibody 8 against MAVS and a secondary antibody conjugated to Alexa Fluor 647, which was selected 9
for its stable and prolonged signal in the STORM blinking buffer. MAVS KO MEFs were 10 cotransfected with MAVS and poly(I:C) RNA as described for SIM and STED imaging. No 11 MAVS filaments longer than the resolution limit were observed in the STORM images ( ability to visualize submicrometer MAVS fibrils is critically dependent on the effective 12 resolution of the imaging experiment, an accurate measurement of the imaging resolution is 13 necessary to determine the minimum fibril length that can be resolved. We measured the 14 resolution of our STORM images with the Fourier Ring Correlation (FRC) method, using an 15 FRC of 0.143 as the threshold to measure resolution [39]. This criterion is the widely accepted 16 standard for resolution assessment in cryo-electron microscopy (cryoEM) [40] [41] [42] . FRC curves 17 calculated from our STORM images indicate that the resolution in the imaging plane ranged 18 from 32 to 66 nm ( Fig. 5A, B ). Moreover, there was a correlation between the measured 19 resolution of the images and the visual appearance of the MAVS foci. More specifically, 20
images with the lowest resolutions ( Fig. 4G , A) had more diffuse density, whereas images with 21 the highest resolutions ( Fig. 4E , I, C) had more pronounced foci, regardless of poly(I:C) 22 treatment. This suggests that the appearance of clearly visible foci is determined by the imaging 23 resolution rather than by the size of the imaged object. The calculated FRC resolution of the 24 lowest-resolution STORM image was 66 nm. This is consistent with the SIM and STED data 25 molecules based on the 5.13 Å axial rise per protomer [19] . By comparison, purified MAVS 30 fragments form filaments 200 -1,000 nm in length in solution [19, 21] . 31 MAVS TM is required for mitochondrial remodeling and IFN-β signaling. MAVS CARD 32 fibrils are sufficient to activate IRF3 in cytosolic extracts, but the transmembrane domain (TM) 33 of MAVS is absolutely required for MAVS to activate IRF3 and induce interferon [5, 21] . We 1 have shown that MAVS signaling activation causes changes in overall mitochondrial 2 morphology similar to those associated with apoptosis, consistent with the documented 3 proapoptotic activity of MAVS, which is dependent on the TM but not the CARD of MAVS 4
[24]. To determine whether the MAVS TM is required for MAVS-dependent mitochondrial 5 remodeling we used STED microscopy to image MAVS KO MEFs transfected with a plasmid 6 encoding MAVS with the TM deleted (MAVS-ΔTM). As reported previously [5], we found 7 that MAVS-ΔTM had diffuse cytosolic staining (Fig. 6A) . Notably, cells expressing MAVS-8 ∆TM showed no visible aggregation, and little or no mitochondrial remodeling upon induction 9 with poly(I:C), consistent with a recent report that the TM is required for the formation of high and propidium iodide (PI) (Fig. 6D) , respectively. We found poly(I:C) treatment induced a loss 2 of mitochondrial membrane potential in one third of cells transfected with wild-type MAVS, 3 and loss of nuclear DNA content indicative of cell death in 21% of cells, at 16 h post-4 transfection, the same time point used for super-resolution imaging (Fig. 6C, D) . In contrast 5 poly(I:C) treatment of cells transfected with MAVS-∆TM induced a loss of mitochondrial 6 membrane potential and DNA content in only 13% and 8% of cells, respectively. broadly consistent with previous fluorescence microscopy studies [21, 51] , although a 3-D SIM 27 reconstruction in one previous study showed MAVS forming rod-shaped puncta ranging from 28 100 nm to 650 nm in length, with a median length of 350 nm (n = 74) [27] . However, 350 nm 29 is similar to the axial resolution of SIM and hence could be an overestimate of the MAVS 30 cluster length. 31 1 sufficiently large number to retain potential for polymerization-dependent signal amplification 2 and to function as a mitochondrial signaling platform capable of recruiting the necessary 3 number and diversity of downstream signaling proteins to elicit a robust IFN-b response [19, 4 20] . Given the smaller than expected size of MAVS signaling assemblies, a maximal MAVS-5 dependent signaling response may require a larger number of fibril nucleation events than 6 previously thought. However, these nucleation events need not be independent, and MAVS 7 signaling complexes may nevertheless assemble cooperatively, with assembled complexes 8 promoting the nucleation of additional complexes without MAVS CARD filament extension 9 beyond approximately 80 nm, but potentially forming two-or three-dimensional networks of 10 microfibrils. Such a trade-off of reduced filament length in favor of increased nucleation was 11 recently shown to occur elsewhere in the dsRNA sensing pathway. Indeed, LGP2 increases the 12 initial rate of MDA5-dsRNA binding and limits MDA5 filament assembly, resulting in the 13 formation of more numerous, shorter MDA5 filaments to generate a greater signaling activity 14 [14] . Imaging at higher resolution, for example by electron microscopy, is required to elucidate 15 the structural organization of MAVS signaling complexes. 16 We have shown that the MAVS transmembrane anchor is required for MAVS-associated 17 mitochondrial remodeling and confirmed that the TM is required for MAVS-dependent IFN-β 18 signaling and apoptosis in live cells and under the same experimental conditions used for the 19 super-resolution imaging experiments in this study. The diffuse cytosolic localization of 20 MAVS-∆TM suggests that MAVS oligomerization is regulated by elements between the 21 CARD and TM, and that the TM is required to overcome this regulation. It is tempting to 22 speculate that the physical constraints imposed by MAVS aggregation and association with 23 RLR-RNA complexes exert a physical force on the outer mitochondrial membrane capable of 24 inducing distortions that could conceivably contribute to mitochondrial remodeling or leakage 25 associated with apoptotic cell death. 26
Materials and methods 27
Expression plasmids. Genes encoding full-length mouse MAVS (residues 1-503, Uniprot 28 entry Q8VCF0) and mouse MAVS with the transmembrane anchor (residues 479-503) deleted 29 (MAVS-∆TM) were cloned into the pCMV-SPORT6 vector (BioCat, Heidelberg, Germany). Probes, Eugene, OR) at 1:80 dilution for 1 h at room temperature, washed with TBSS, and 30 mounted for imaging with ProLong Gold Antifade Mountant with DAPI (ThermoFisher). For 31 anti-TOM20 staining cells were fixed and blocked the same way as for anti-MAVS staining. 32 TOM20 was stained with rabbit anti-TOM20 polyclonal IgG antibody (TOM20 (FL-145), 33 1 TBSS, the cells were incubated with goat anti-rabbit IgG conjugated to Alexa Fluor 555 2 (Molecular Probes) at 1:80 dilution for 1 h at room temperature, washed with TBSS, and 3 mounted for imaging with ProLong Gold Antifade Mountant with DAPI (ThermoFisher). For 4 the MAVS costaining with IRF-3 and MDA5 cells were fixed, permeabilized, and blocked as 5 for anti-MAVS staining above. IRF-3 and MDA5 were stained with rabbit anti-IRF3 polyclonal 6 IgG (IRF-3 (FL-425), Santa Cruz Biotechnology) and rabbit anti-MDA5 polyclonal IgG (Enzo 7
Life Sciences, Farmingdale, NY), respectively, at 1:80 dilution in TBSS for 1.5 h at 37˚C. After 8 washing with TBSS, the cells were incubated with goat anti-rabbit antibody conjugated to 9
Alexa Fluor 647 (Molecular Probes) at 1:80 dilution for 1 h at room temperature, and then 10 mounted for imaging with ProLong Gold Antifade Mountant with DAPI (ThermoFisher). (cryoEM) image reconstruction [19] was then applied consecutively to the atomic coordinate 18 of the complex to generate a 200 nm MAVS CARD filament with bound primary and 19 secondary antibodies. The simulated epitopes and orientations of the antibodies were selected 20 to minimize steric clashes after the helical symmetry of the MAVS CARD filament was 21 applied. A custom C++ code was used to render the atoms of the lysine residues, the sites of 22 fluorophore conjugation, of each secondary antibody in the filament. Each atom was rendered 23 on a two-dimensional image at a 5 nm scale with a given observation probability ranging from 24 20% to 100%, in order to emulate different antibody labeling efficiencies. The resulting image 25 was then blurred in order to take into account the localization uncertainty of the STORM single-26 molecule localizations events, approximately 10 nm. 
